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Abstract

Traumatic brain injury (TBI) is common among military personnel and the civilian population and 

is often followed by a heterogeneous array of clinical, cognitive, behavioral, mood, and 

neuroimaging changes. Unlike many neurological disorders that have a characteristic abnormal 

central neurologic area(s) of abnormality pathognomonic to the disorder, a sufficient head impact 

may cause focal, multifocal, diffuse or combination of injury to the brain. This inconsistent 

presentation makes it difficult to establish or validate biological and imaging markers that could 

help improve diagnostic and prognostic accuracy in this patient population. The purpose of this 

manuscript is to describe both the challenges and opportunities when conducting military-relevant 

TBI research and introduce the Enhancing Neuroimaging Genetics through Meta-Analysis 

(ENIGMA) Military Brain Injury working group. ENIGMA is a worldwide consortium focused on 

Tate et al. Page 2

Brain Imaging Behav. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improving replicability and analytical power through data sharing and collaboration. In this paper, 

we discuss challenges affecting efforts to aggregate data in this patient group. In addition, we 

highlight how “big data” approaches might be used to understand better the role that each of these 

variables might play in the imaging and functional phenotypes of TBI in Service member and 

Veteran populations, and how data may be used to examine important military specific issues such 

as return to duty, the late effects of combat-related injury, and alteration of the natural aging 

processes.

Introduction

Recent worldwide military conflicts have demonstrated a critical need for understanding the 

many clinical and societal impacts that follow traumatic brain injury (TBI) in Service 

members, Veterans, and their families. Patients with military-relevant TBI present with a 

number of unique features that can impact research approaches and clinical care, including 

different mechanisms of injury (e.g., blunt force or blast-related injury (which may be due to 

pure over-pressure or most often a combination of over-pressure and blunt force), the 

prevalence of comorbidities (e.g., posttraumatic stress disorder [PTSD], mood disorders, 

etc.), and diagnostic challenges specific to a combat environment. In fact, military service 

and deployment may have implications for brain structure and function, even in the absence 

of brain injury, that are yet to be fully understood (Butler et al., 2017). Given these unique 

group characteristics that will be discussed in detail below, research including this 

population can be complicated, or, at the very least, nuanced, as many of these variables 

potentially impact outcomes independently.

Importantly, recent reviews of the literature specific to this population (Mu et al., 2017; Salat 

et al., 2017; Wilde et al., 2015) conclude that neuroimaging should play a critical role in 

understanding military-related TBI, and may prove particularly useful in evaluating 

interventions relevant to military/Veteran populations. With the exception of sport-related 

concussion, the vast majority of TBI quantitative structural MRI studies include mixed 

patient samples across the full range of injury severity. These tend to be cross-sectional, and 

they vary in chronicity. Determining the imaging biomarkers that are predictive of the short- 

and long-term outcomes in TBI should be an emphasis in future research, as accurate 

identification of these markers will improve our ability to identify injury, properly diagnose 

(i.e., PTSD vs. TBI), guide treatments, predict recovery, and both develop and evaluate new 

therapeutic interventions.

Additional research, however, is required to understand the contribution of unique, military-

specific features and their impact on function following TBI. Military-related TBI research 

will benefit from better coordination of data collection and analysis efforts across multiple 

sites and cohorts. This would facilitate a “big data” approach that is not fully realized in 

military-related TBI research at this time. Better coordination across the studies would allow 

researchers to accumulate data across these studies to address important clinical questions. 

As such, the purpose of this manuscript is to (1) describe the unique challenges of military-

relevant brain injury, (2) discuss how data aggregation across multiple cohorts may help us 

to understand TBI in this patient group, (3) provide basic recommendations on data 
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collection, usage, and analysis for those performing clinical research in this unique patient 

group, and (4) introduce the Enhancing Neuroimaging Genetics through Meta-Analysis 

(ENIGMA) Military Brain Injury working group.

Recent discussions among the ENIGMA Military Brain Injury working group and with 

groups of collaborating scientists and clinicians from around the world have highlighted 

many challenges in working with Veterans and Service members. These discussions have 

clearly emphasized the need for more coordinated collaboration to address complicated 

diagnostic and prognostic issues that clinicians experience when treating these individuals. 

Moreover, although challenging, “big data” approaches that aggregate data from different 

sources (i.e., research cohorts) that results in large amounts of accumulated data with unique 

and overlapping clinical, cognitive, and imaging variables can provide powerful 

opportunities to address these challenges and to help understand how these variables interact 

with one another in military-related TBI.

Challenges and Opportunities

A number of challenges exist for studies of TBI in populations of Service members and 

Veterans. Specific consideration of diagnostic criteria, comparison groups, and comorbidities 

are particularly warranted. Studies also differ in the methods used in considering symptom 

validity concerns, as well as how TBI may interact with cognitive aging or other 

comorbidities. Moreover, unique challenges exist when combining legacy or prospective 

accrual data, including variability in scales used to collect injury information and regulatory 

and logistical issues within and between institutions.

TBI Diagnosis and Severity Classification:

Military-related TBI research uses different diagnostic and severity schemes, compared to 

civilian cohorts. For example, TBI in the United States Veterans Affairs/Department of 

Defense (VA/DoD) nosology (https://www.healthquality.va.gov/guidelines) is defined as a 

structural or physiological disruption of the brain due to external force(s). Disruption of 

brain structure or physiology usually manifests as a common set of symptoms surrounding 

the injury, including alteration of consciousness (AOC), loss of consciousness (LOC), post-

traumatic amnesia (PTA), neurologic deficits, cognitive difficulties, and/or imaging findings. 

TBI severity in the United States DoD/VA is categorized along a continuum (mild to 

moderate to severe), using variable timings experienced at the time of injury for these 

clinical symptoms (AOC, LOC, and PTA; see Table 1 for specifics). Perhaps unique to 

DoD/VA criteria is that the Glasgow Coma Scale score (GCS; a measure often used in 

civilian literature to establish severity) is not required and is rarely used except in the case of 

trauma. Likewise, the presence of any trauma-related intracranial abnormalities on medical 

imaging warrants classification as moderate injury using the DoD/VA criteria, even though 

the injury can be diagnosed as mild TBI based on duration of AOC, LOC, and PTA. In 

civilian studies, this category can be known as “complicated mild”, but this designation does 

not exist in the DoD/VA criteria. Further, it is possible that findings might be seen in 

advanced research imaging, but not in conventional medical imaging, and it is entirely 

possible that a Veteran or Service member might not receive either type.
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In addition, it is not unusual in Service member cohorts for diagnosis to occur after the 

patient has been stabilized medically for other more major life-threatening injuries (i.e., 

hemorrhagic, traumatic amputations, etc.) using retrospective self-report. Deployment-

related active combat settings can delay assessment and validation of TBI symptoms at the 

point of injury. These factors can lead to some significant disparity between the time of 

diagnosis and time of injury. Although there may be practical reasons for these diagnostic 

differences and the delay in diagnosis, reliance on self-report and the use of different 

diagnostic and severity classification schemes may play a role in what is reported. 

Importantly, future research may need to take additional precautions when combining data 

or comparing findings across cohorts that might apply different TBI severity classifications, 

have variable intervals between injury and assessment, or use different standardized 

assessment tools when questioning patients about their injury history.

Variability in Injury Scales:

Assessing lifetime history of TBI is another critical element in understanding recovery 

trajectories, treatment effectiveness, and long-term health outcomes. However, reliable and 

valid assessment of lifetime TBI has been an ongoing challenge for clinicians and 

researchers. In many contemporary research studies, participants are prompted to recall 

details from potential TBI exposure events that occurred years earlier. These events can be 

subject to retrospective memory bias and loss of specific details regarding the duration of 

LOC, AOC, and PTA. TBIs, particularly those of mild severity, can go undocumented for 

long periods of times for a variety of reasons. For example, the individual may believe his or 

her injury does not necessitate medical treatment, or he or she may feel afraid that 

immediate reporting will lead to removal from active duty, or other more life threatening 

medical issues that require immediate attention (i.e., traumatic amputation, hemorrhaging, 

etc.) may take precedence over assessment for TBI without an obvious head trauma. As 

such, lifetime assessment without a medical record verification has been a criticism of TBI 

research, especially in this patient population.

Despite these challenges in assessment, structured and semi-structured instruments of 

lifetime TBI have been developed and many are considered the “gold standards” in TBI 

assessment. However, having many measures may in fact complicate the issues of 

assessment in military-relevant TBI and result in diagnostic challenges across studies (i.e., 

blast-related vs blast TBI) that may impact the comparability of findings. Regardless, these 

measures are useful and allow the interviewers to document exposure history. This may be 

accomplished by using unique or distinct questions or algorithms. Importantly, however, the 

validity of these measures is not necessarily based on veridical recounting of the TBI event, 

but rather the degree to which the measure is useful in determining whether negative 

outcomes stemmed from individual or lifetime TBI or exposure to possible TBI as measured 

by the instrument. In this section, we discuss some of the most widely used tools to assess an 

individual’s TBI history - some specific to military-related TBI, and others more general.

There are many measures that can be used to assess TBI history in Veteran and Service 

members. Many of these are summarized briefly in TABLE 2. Though each has various 

strengths, they are designed to collect the same types of information. Primarily, these 
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instruments are used to identify possible events that could lead to a head injury, then the 

patient is queried for clinical evidence of AOC, LOC, and PTA for each event. Many of 

these measures are designed to capture information across multiple exposures so that the 

accumulated history of TBI exposure can be better characterized. In addition, some will ask 

questions about symptom or symptom development post-injury, but questions regarding 

post-injury symptom development goes beyond the diagnostic and severity determinations 

these measures are meant to capture and more importantly, are sometimes used as evidence 

of a TBI when they are not part of the diagnostic criteria (e.g. symptoms that develop in the 

days to weeks rather than immediately after injury).

Of further note, many of these measures were developed in the context of studies where 

researchers have identified gaps in the available methods when interviewing military and 

veteran patient groups. Though this tendency to develop new measures is common in clinical 

research, it can prevent more direct comparison of findings across studies as it effectively 

leads to psychometrically and quantitatively distinct measures. Additionally, with rare 

exceptions, limited direct comparisons between various measures in the literature, makes it 

difficult to quantify similarities and differences between these measures. As most of these 

measures use similar questioning methods and even similar questions to elicit information 

on TBI exposure, these different measures should be comparable. However, there are minor 

modifications or differences that are used to generate additional metrics that could lead to 

unique groupings (i.e., severity staging). Thus, it could be important to consider the specific 

measure used when attempting to aggregate data across studies.

Blast over-pressure exposure and blast-related head injury:

One area of evolving discovery and research deals with blast over- pressure exposure, which 

is more common in military and Veteran cohorts but increasing in prevalence among 

civilians in conflict zones or in terrorist events such as the Boston Marathon bombing in 

2013. Though Service members and Veterans can incur a TBI from a number of different 

causes, some researchers have reported that most deployed combat-related TBI in military 

and Veterans result from explosives or blast injury (Covey, 2006; Fox et al., 2005). However, 

since these studies were published, DVBIC consistently reports that the majority of military 

TBIs are diagnosed in the non-deployed setting (training, accidents, falls, sports-related, 

MVAs…etc). Combat diagnosed TBI include injury while being exposed to improvised 

explosive devices (IED), advanced artillery, mines, mortars, rockets, grenades, aerial 

bombing, and other explosives. Blast over-pressure exposure is associated with alterations in 

brain function (Robinson et al., 2019, 2017, 2015) and cognitive performance (Grande et al., 

2018), independent of TBI status, which may be due to a number of biological or functional 

changes including (but not limited to) disrupted cerebral blood flow or impaired 

neurovascular coupling. In addition, blast over-pressure exposure may result in additional 

white matter abnormalities in APOE e4 carriers, especially in those within 10 meters of the 

blast (Sullivan et al., 2019). There is also mounting neuroimaging support for potentially 

discrete and distinguishable effects of biomechanical forces of blast-related TBI compared 

to other mechanisms of injury that are detected by DTI and volumetric techniques. However, 

some studies conflict with these findings, reporting no detectable effects of blast exposure, 

or show effects using functional magnetic resonance imaging (fMRI) but not with volumetry 
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(Fischer et al., 2014; Newsome et al., 2015). These equivocal results highlight the 

complexity of this issue and future work is needed to further understand the unique aspects 

of blast-induced TBI, particularly the effects of repetitive blast exposure over the careers of 

military personnel.

However, it is important to realize that a blast-related head injury is further defined as a 

complex type of physical trauma resulting from direct or indirect exposure to an explosion. 

This definition goes on to categorize five injury types resulting from blast exposures: 

Primary: resulting from the high pressure, or overpressure created by explosions; Secondary: 

resulting from strong winds following the blast wave that propel fragments and debris 

against the body; Tertiary: resulting from strong blast winds and pressure gradients that can 

accelerate and cause blunt force injury; Quaternary: resulting from other explosive products 

(heat and light) and from exposure to toxic substances that can cause burns, blindness, and 

inhalation injuries; Quinary: the clinical consequences of post-detonation environmental 

contaminants including chemical, biological, and radiological substances (Blast Injury 

Research Coordinating Office (BIRCO), n.d.). Regardless, diagnosing a head injury in the 

individual would still require documentation of AOC, LOC, or PTA and there is still much 

research required to fully understand the amount of blast exposure required for injury.

Differences between Veteran cohorts across combat operations:

Though obvious differences in age exist between Veterans from different conflicts and wars 

(i.e., World War II, Korea, Vietnam, OIF/OEF, others), there are other variables that render 

direct comparisons complicated. For example, cold (Korean War) and heat (African and 

Middle East Operations) related injuries, exposure to toxins (i.e., Agent Orange, exposure to 

burn pits) and/or IEDs (OEF/OIF/OND), and the length and number of deployments vary for 

each of the conflicts (https://www.publichealth.va.gov/exposures/index.asp). Many of these 

factors have been examined independently and have shown deleterious effects on clinical 

and cognitive function separate from TBI (Barrett et al., 2001; Cedeño Laurent et al., 2018; 

Chao, 2017; Cooper et al., 2018; Gopinath et al., 2019; Martin et al., 2019; Veitch et al., 

2013). Another potential difference over the course of military history has been in the 

innovations in trauma care that has led to improved mortality rates with each successive 

conflict (Ingalls et al., 2014; Maddry et al., 2018; Ramasamy et al., 2009). Consequently, 

morbidity in conflict has increased due to the many medical developments that make it 

possible for more seriously injured soldiers to survive combat trauma previously deemed not 

survivable (Kotwal et al., 2018). In the context of TBI, these differences between cohorts 

may lead to variance in symptom presentation and comorbidity risks. As larger cohorts 

become available by aggregating data, investigation of the individual and collective impacts 

of many of these unique variables could help us understand how they might interact with 

TBI to augment or worsen clinical and functional outcomes.

Comparison groups:

Selection of an adequate comparison group is imperative in TBI research, especially in 

military and Veteran cohorts (Levin et al., 2014). Some studies of deployment-related TBI 

have used civilians (Michael et al., 2015) or a combination of military personnel and 

civilians as controls (Woods et al., 2015). Most researchers prefer to enroll Service members 
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or Veterans as their controls (Donald et al., 2014; Han et al., 2014; Hoge et al., 2008; 

Troyanskaya et al., 2015) to ensure that study groups match not only on basic demographics, 

but also military specific and potential deployment-related characteristics such as history of 

exposure to combat-related stressors, comorbidities, and even premorbid environments.

A review of the military and Veteran literature quickly illustrates the variability in control 

samples analyzed. Individuals who serve as controls may report having been unexposed 

(Troyanskaya et al., 2015) or exposed to blasts (Donald et al., 2014; Han et al., 2014). These 

participants may have sustained extracranial injuries or been uninjured, but do not report a 

history of, or exposure to TBI. Though some suggest that these different control groups may 

result in unique findings, a previous investigation showed that it is appropriate to combine 

uninjured and injured controls in one group, as long as the extracranial injuries are mild 

(Troyanskaya et al., 2016). However, studies have found transient brain alterations from 

blast exposure even in the absence of a TBI diagnosis (Bazarian et al., 2013; Carr et al., 

2016; Taber et al., 2015; Tate et al., 2013), and the possibility of confounding (within study) 

or equivocal (between studies) results should be considered when using blast-exposed 

controls.

More broadly, the issue of what control group to use remains an important area of interest. 

The use of different control groups could directly affect the findings in ENIGMA analyses 

that combine effect sizes across individual studies to determine how consistent a particular 

imaging finding is between sites. However, to date, only a limited number of studies use 

more than one control group and as a result, much of the concern remains speculative. 

Regardless, as a group, we acknowledge this as a potential limitation requiring additional 

investigation to truly understand how the selection of control participants might lead to 

different conclusions or findings. Moreover, the selection criteria for the control group(s) 

will depend in part on the specific research question being posed.

Comorbidities:

Research examining comorbid conditions following TBI is growing rapidly and though 

consideration of these conditions is essential particularly given a patient population such as 

military-related and veteran TBI patients who may have unique or unique combinations of 

comorbid conditions that require further attention. Studies designed to account for the 

effects of these co-occurring conditions are thus important as there is a relatively high 

occurrence of comorbidity that poses a challenge for clinicians to diagnose and treat combat 

related TBI. Overlapping symptoms of TBI and several concomitant mood disorders and 

including (but not limited to) poor concentration, anxiety, insomnia/sleep disturbances, and 

irritability add to this challenge (Sayer, 2012). (See also schematic of overlap in symptoms 

and neuroimaging findings in Figure 1.)

One of the more obvious comorbidities that requires consideration in this patient group is 

post-traumatic stress disorder (PTSD). After experiencing sufficient life-threatening trauma 

(i.e., active combat), risk for concomitant psychological trauma is expected to increase 

(Marx et al., 2009; Schneiderman et al., 2008). In fact, a systematic review of the literature 

shows that the prevalence of PTSD comorbidity ranges from 33% in the general military 

population (Carlson et al., 2011) to over 89% of veterans with TBI (n = 22,053; (Taylor et 
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al., 2012). Importantly, some studies have found that PTSD accounts for more variance in 

post-concussive symptom reporting than the presence or absence of LOC, the type of injury 

mechanism, or the characteristics of the blast exposure (Lippa et al., 2010). Historically, 

imaging studies of TBI have ignored psychiatric comorbidities in this patient group, but 

recent literature suggests a greater emphasis on accounting for their effects (Bazarian et al., 

2013; Han et al., 2018, 2015; Levin et al., 2010; Lipton et al., 2012, 2009) and has shown 

poorer function in individuals who are comorbid for both TBI and PTSD (Kaup et al., 

2019).The clinical picture can be further complicated as the co-occurrence of PTSD and/or 

major depressive disorder (MDD) with TBI can overlap and exacerbate symptoms by 

contributing to increased symptom severity, incomplete or delayed recovery, reduced quality 

of life, and increased risk of suicide (Barnes et al., 2012; Brenner et al., 2010; Hudak et al., 

2012; Walter et al., 2012).

Though the most commonly occurring comorbid psychiatric condition in veterans is PTSD 

(72%), MDD (45%), anxiety (22%), and substance use disorder (20%) are also common. 

Other psychiatric difficulties may influence risk of injury and recovery from military-related 

TBI. For example, depression, suicidal behaviors, and substance use and abuse disorders are 

commonly experienced by Service members during and after deployment, and also 

frequently co-occur in the context of TBI (Hoge et al., 2008; Hoge and Castro, 2011, 2006). 

Overall, stress-related polytrauma and psychiatric factors may confound neuroimaging 

research in TBI in this patient population (Bazarian et al., 2013; Davenport et al., 2015; 

Isaac et al., 2015; Lopez-Larson et al., 2013; Matthews et al., 2011; Trotter et al., 2015; 

Ware et al., 2018).

Another important consideration is the recent transition from Diagnostic and Statistical 

Manual of Mental Disorders (DSM)-IV to DSM-V diagnostic criterion for several mood 

disorders, especially PTSD. This transition has created unique harmonization challenges. It 

is possible to “translate” PTSD diagnostic criteria from DSM-V to DSM-IV, but the reverse 

process poses a challenge because of the introduction of new criteria to DSM-V that are 

absent in DSM-IV. For example, established methods for converting the Clinician 

Administered PTSD Scale-5 (CAPS-V) scores to CAPS-IV scores are available and 

straightforward to implement (Sun et al., 2019). Similarly, self-report instruments that use 

DSM-IV criteria are generally straightforward to harmonize with gold-standard clinician-

administered instruments such as the CAPS, particularly if item-level data are available. 

However, the correlation of self-report measures with clinician-administered measures is 

imperfect (McDonald et al., 2009). In the absence of item-level data, the accuracy, 

sensitivity, and specificity of self-report measures in relation to gold-standard clinician-

administered measures may depend on variables such as the clinical cut-off score that is 

applied, which can vary from study to study (McDonald et al., 2009). In addition, the 

definition of PTSD in the International Classification of Diseases (ICD)-11 differs in many 

respects from the diagnostic criteria in DSM-V. Though the ICD-11 criteria and DSM-V 

criteria perform equally well for identifying patients in distress, the overlap of PTSD 

diagnosis with ICD-11 and DSM-V is quite low, where ICD-11 identifies fewer cases than 

DSM-V (Hafstad et al., 2017). Thus, such challenges in identifying PTSD may result in an 

uneven diagnosis and treatment, depending on the part of the world and the instrument being 

applied.
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As discussed in the introductory paper (Wilde et al., 2019), there are ENIGMA working 

groups dedicated to a number of disorders that can be comorbid with TBI in military 

populations, including MDD (Schmaal et al., 2016), PTSD (Dennis et al., 2019; Logue et al., 

2017), anxiety (Groenewold et al., 2018), and addiction (Mackey et al., 2019). In fact, a 

recent study published by the PTSD ENIGMA-PGC Consortium working group 

demonstrated only limited evidence that PTSD moderates the effect of TBI on white matter 

integrity, based on the spatially circumscribed white matter disruption investigated in 3,047 

individuals across several unique cohorts (Dennis et al., 2019). This finding highlights the 

value of examining data from several individual studies and illustrates the need for 

additional research in an area so pertinent to military and Veteran patient groups, as the 

biological mechanisms that may predispose individuals to poor outcomes to TBI may also 

predispose individuals to other psychiatric disorders. Thus, coordination with these other 

clinical working groups within the larger ENIGMA consortium will allow for additional 

well-powered, cross-disorder analyses that will help clarify whether psychiatric disturbances 

following a brain injury are similar to, or distinct from those experienced in the absence of 

physical brain injury.

Interactions between TBI and aging processes:

Prospective longitudinal studies of OEF/OIF/OND military Service members with histories 

of TBI show that neurobehavioral and pathological consequences of head-trauma are not 

static, but instead evolve slowly over time (Mac Donald et al., 2017; Stein et al., 2016). For 

example, five-year outcome studies of Service members who sustained a TBI in combat 

showed that, compared to military control participants, those with head injury histories 

demonstrated increased rates of disability, worsening severity of psychiatric and post-

concussive symptoms, and neuroimaging evidence of greater white matter microstructural 

changes within individuals across time (Mac Donald et al., 2019, 2017). In addition, the 

Trotter et al. (2015) study demonstrated a significant blast exposure by age interaction, and 

was in a cross-sectional cohort of Veterans, with the older blast exposed Service members 

having worse diffusion scalar metrics (Trotter et al., 2015). Although the temporal course of 

the pathophysiological mechanisms associated with neurotrauma remains mostly 

unexamined, and thus poorly understood, the extant data shows that it involves a host of 

neurochemical, metabolic, inflammatory, and neurodegenerative processes (Greve and Zink, 

2009). As our military Service members begin to enter advanced ages, we must consider 

how the negative long-term effects of head-trauma may compound age-related 

neurodegenerative processes.

Though not necessarily specific to Service Members and Veterans, TBI often represents a 

risk factor for the development of other complicating neurologic illnesses that can further 

complicate functional outcomes. More specifically, post-traumatic epilepsy or PTE is 

common following moderate and severe brain injury for civilian populations (between 4 and 

50%; Verellen and Cavazos, 2014) and as such represents one of the most common types of 

focal epilepsy (~20%; Piccenna et al., 2017). Functionally, there is some significant overlap 

in the cognitive domains affected by epilepsy (independent of TBI) and most suspect that 

PTE worsens functional outcomes (Kolakowksy-Hayner et al., 2012). Importantly, there is 

very little information about PTE in Veteran and Service members and as such, this 

Tate et al. Page 10

Brain Imaging Behav. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



assumption remains unexamined. Currently, this work may be accomplished by smaller 

groups with more specific expertise in epilepsy until a more consistent approach is 

developed across a sufficient number of studies to warrant a big data approach.

Chronic neuropathologies of single and repetitive TBI are acknowledged risk factors for 

dementia, but concerns regarding the late-life effects of TBI have increased in recent years, 

partly due to broad media coverage of chronic traumatic encephalopathy (CTE) in athletes 

and in military personnel with repetitive head trauma (Smith et al., 2019, 2013). For these 

reasons, characterizing late-life effects of TBI in non-athlete civilians and Veterans remains 

very important to TBI survivors and their families. There is a growing body of 

epidemiological studies across both civilian and military samples which shows that TBI, 

even when mild, is an independent risk factor for dementia and neurodegenerative disorders 

in late life (see Gardner and Yaffe, 2015 for review). As recently demonstrated by (Barnes et 

al., 2018), there is a dose-response relationship between dementia risk and TBI severity, with 

a 3-fold increased risk in individuals with moderate or severe TBI, and a 2-fold increase in 

those with mild TBI. Moreover, individuals with TBI appear to have an earlier age of 

dementia onset, on average, relative to those with no history of head trauma, suggesting that 

TBI not only increases risk for dementia, but also accelerates disease course (Gardner et al., 

2014; Gardner and Yaffe, 2014; Hayes et al., 2017). Importantly, when examining the 

relationship between TBI and dementia directly in prospective cohorts, there are mixed 

findings (Crane et al., 2016). In fact, TBI with LOC was related to more related to Lewy 

body accumulation and motor abnormalities (i.e., parkinsonism) and not dementia or AD. 

Thus, this remains a complicated area requiring additional research (Van Den Heuvel et al., 

2007).

Many pathological features are common to both TBI and neurodegenerative disorders such 

as Alzheimer’s disease (AD) - including Aβ deposition, alpha-synuclein, TDP-43, neurite 

degeneration, synapse loss, and microgliosis (Uryu et al., 2007; Villapol, 2018). More recent 

theories suggest that prominent neurofibrillary and astrocytic tangles characteristic of CTE 

may play a role in those with repetitive head trauma. Interestingly, deep sulcal tau pathology 

has been observed in long-term TBI survivors of even single-event head injury (Johnson et 

al., 2012), and about 20% of cases without prior concussion also show this characteristic tau 

pathology (Bieniek et al., 2015; McKee et al., 2014; Stein et al., 2015). Beyond pathologic 

proteins, mounting evidence—particularly from the animal literature—strongly suggests that 

vascular damage vis-à-vis BBB breakdown may initially lead to neuroinflammatory 

cascades, blood flow dysfunction, white matter changes, and eventual neurodegeneration, 

particularly in those individuals who are already at increased risk for AD (Sundman et al., 

2014).

To better understand TBI aging interactions, a set of validated biomarkers needs to be 

established for tracking progression over time. This might be more easily accomplished 

using aggregated data across studies using multi-modal assessment (e.g., neuropsychological 

and psychiatric evaluations), novel and emerging neuroimaging techniques (e.g., diffusion 

tensor imaging, arterial spin labeling), cerebrospinal fluid and plasma-based markers of 

neurodegeneration, pathologic proteins, and vascular dysfunction (inflammatory and 

endothelial markers). Examining these variables and the interactions between them will 
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eventually allow us to better elucidate the myriad of polypathology underlying the long-

term, chronic effects of TBI in older military and Veteran patients with a history of TBI.

Premorbid Considerations:

As with all TBI patient populations, there is a long list of premorbid factors that have been 

identified as factors that influence outcome after injury. Early life stress or adverse 

childhood experiences (ACEs) - broadly defined as negative experiences before age 18 - can 

have a wide range of physical and psychological effects. ACEs may include abuse, neglect, 

or household instability (Felitti et al., 2019). The CDC estimates that more than half of the 

population experiences at least one adverse event (CDC, 2016). Military brain injury studies 

often detail combat and deployment-related stressors, but detailed life histories are collected 

less often. ACEs can increase risk for a number of factors, that are themselves risk factors 

for poor outcome after injury, including cardiovascular disease, reduced cognitive capacity, 

substance abuse, and depression, highlighting the complex interplay among premorbid 

factors (Anda et al., 2002; Dong et al., 2004; Edwards et al., 2003; Nemeroff, 2016).

Premorbid psychiatric disorders or a familial history are also considered important risk 

factors in TBI outcomes. A premorbid history of psychiatric disorders (e.g., ADHD, or 

mood disorders) can increase the risk of both sustaining a brain injury and the risk of poor 

outcome after injury (Manners et al., 2016; Vassallo et al., 2007).

Premorbid IQ may also help explain some of the variance in outcomes following a TBI 

(Stewart-Willis et al., 2018). The idea of cognitive reserve is not a new idea and has been 

examined in a number of other neurologic conditions, especially in dementia research 

(Rodriguez et al., 2019). However, it has not been thoroughly examined in TBI patient 

groups. Preliminary studies that examined this in TBI demonstrate the utility of adjusting for 

premorbid IQ, though the need for replication and more nuanced investigation of premorbid 

IQ is required.

Additional research is clearly needed to examine interactions between early life stress, the 

chronic effects of early life stress, and brain injury. Inclusion of premorbid factors will help 

us to understand how these variables impact symptom presentation, symptom evolution or 

progression, and responses to treatment in the individual patient. Ultimately, knowledge 

gains in this burgeoning area of research will help TBI clinicians contextualize injury 

presentation in a much more productive manner. So, it will be important to consider different 

ways of assessing these factors in the individual patient in future prospective studies.

Other Risk Factors.

A number of other risk factors are beginning to garner additional research interest in this 

patient cohort which could independently affect or augment outcomes. 

Performanceenhancing drugs and supplements are used frequently by military personnel to 

improve alertness, physical performance, and focus, and these might require additional 

investigation (Ko et al., 2018). Use of supplements varies by sex (i.e., higher weight loss 

supplements in women and higher body-building supplements in men), by military rank (i.e., 

higher use in non-commissioned), and that increased combat exposure, mixed duty cycles, 

and longer hours are associated with higher use (Lui et al., 2019; van der Pols et al., 2017). 
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More specifically, studies of Omega-3 and caffeine supplements in military personnel have 

shown improvements in cognitive function (Yarnell and Deuster, 2016) and resiliency in 

stressful situations (Hoffman et al., 2015), though some studies did not find any benefit 

(Coull et al., 2016; Dretsch et al., 2014). However, as pointed out in the review by Ko et al. 

(2018), published studies rarely report safety information regarding the use of supplements. 

Furthermore, researchers and clinicians have only begun to speculate how supplements 

might mediate or moderate function following TBI (Manchester et al., 2017). To date, there 

is only a paucity of studies examining these questions directly; however, in one animal TBI 

study, omega-3 supplemented rats showed faster recovery of body weight and improved 

cognitive function following multiple mild TBIs (Wang et al., 2013). Thus, examining the 

effects of supplements may be an important line of research that could be conducted in the 

context of “big data”, as aggregating data across studies will more likely yield the number of 

participants needed to examine the various supplements used.

Deployment history offers several complex clinical and research confounds that also require 

consideration. The identification and classification of TBI in active-duty military personnel 

is largely complicated by factors related to the mechanism of injury. Deployment can 

increase the risk of TBI from disparate mechanisms of injury in military personnel as 

compared to civilians. It is therefore important to consider the historical timing and context 

of military deployment. While not known within the context of military-related TBI 

specifically, multiple deployments could worsen outcomes by increasing the psychological 

and physiological effects of polytrauma (i.e., two or more injuries in at least two areas of the 

body, Kroupa, 1990) due to acute and/or chronic stress in addition to increased risk for 

additional physical injury. Explosive blast is the most common mechanism of injury among 

deployed OEF/OIF/OND Veterans (Maas et al., 2010; Owens et al., 2008), yet the VA 

Polytrauma and Blast Related Injuries (PT/BRI) Quality Enhancement Research Initiative 

(QUERI) reported that this mechanism only accounts for a minority of TBI seen in Veterans 

who receive health care at the VA. This reflects the fact that TBI in older Veterans most 

likely resulted from blunt force trauma. Regardless, deployment, and perhaps especially 

combat deployment, are associated with single and repetitive exposure to acute and/or 

chronic stressors (Fear et al., 2010; Wittchen et al., 2012). However, neurotoxic effects of 

stress, chronic stress, and prolonged symptoms of PTSD are poorly understood in the 

context of military-relevant TBI (as discussed in Butler et al., 2017). It is not known whether 

stress exposure influences TBI risk (e.g., greater incidence with more severe stress exposure) 

or outcomes (e.g., worse recovery with more severe stress exposure). Polytrauma from 

exposure to stress may be more inherent to some mechanisms of military-relevant TBI than 

others. For instance, blast-related TBI is highly comorbid with post-traumatic stress disorder 

(PTSD; Bazarian et al., 2013), and may be associated with more deleterious long-term brain 

and cognitive outcomes (Disner et al., 2017; Nelson et al., 2019). Ultimately, deployment 

history, stress factors associated with combat, and number of exposures to combat and/or 

actual TBI require additional investigation in this patient population.

For Service members who were deployed, especially to active combat areas, TBI can occur 

along with significant physical injuries such as burns and fractures. These additional injuries 

complicate the diagnosis and potential outcomes in military-related TBI in several ways 

(e.g., Lange et al., 2014; Polusny et al., 2011). First, extra-cranial injuries requiring 
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immediate medical interventions to prevent loss of life can obscure assessment of symptoms 

often used to diagnose TBI and may delay identification, diagnosis, and treatment of TBI. 

Treatment protocols also conflict for individuals with burn/hemorrhagic injuries and TBI 

and delays may exacerbate the dynamic acute and early post-injury biomechanical cascade 

of TBI in cases with severe physical polytrauma (e.g., excessive blood loss in relation to 

blood perfusion; neuroinflammation in response to systemic injury; e.g., Kaur et al., 1995). 

In addition, extensive polytrauma can confound retrospective recall of information 

pertaining to the time of injury, including in the presence of prolonged LOC, severe bodily 

injury requiring anesthesia or sedation, or exposure to severe acute physical and 

psychological stressors.

Recent investigations into methods used for evacuation of military personnel from the 

combat theater following significant life-threatening injury highlight additional risks to 

Service members with TBI. Ingalls et al. (2014) reviewed the first 10 years of critical care 

aeromedical transport during OIF/OEF, and found that rapid movement of critically injured 

casualties within hours of wounding was effective with minimal mortality during transport 

and for 30 days post-transport. Regardless, decreased partial pressure of oxygen, hypobaria, 

vibration, temperature changes, noise, decreased humidity, and gravitational forces are listed 

as potential stressors requiring additional investigation (AFI 48-307). In a replication of 

early research (Skovira et al., 2016), animal models (rat) of TBI and simulated aeromedical 

evacuation (cabin pressure equivalent to 8,000 ft, 12 hours, and vibration) revealed a 

complicated interaction between normobaric and hypobaric conditions, blast exposure, and 

inflammatory cytokines. Ultimately, the hypobaric blast exposed group had significantly 

more brain, lung, and other organ pathologies, including neuronal degeneration, scattered 

single cell apoptosis, and necrosis (Scultetus et al., 2019). Interestingly, the cytokine profile 

was more nuanced and did not appear to underlie the pathological changes observed in the 

hours following the flight simulation. This contrasts with the earlier study by Skovira et al. 

(2016), which demonstrated increased neuroinflammation in an animal model at a much 

longer post-simulated flight interval that was associated with poorer long-term cognitive 

function. In the Scultetus et al., 2016 swine model, brain perfusion was worsened in the 

simulated hypobaric conditions following TBI. It is clear that additional research needs to be 

conducted here, particularly in humans, but these findings may highlight additional risks and 

considerations when conducting research in military and Veteran groups.

Other factors that require further examination in military personnel and Veterans include the 

effects of genetics and sex. Current genetic research within military populations is very 

limited (Parnell et al., 2018), though the evidence is mounting that genetic variation may 

modulate both TBI recovery and outcomes (Williams et al., 1991). The polymorphism with 

the most support is the apolipoprotein E (APOE) ε4 allele. A meta-analysis suggests that the 

ε4 allele is associated with poorer outcomes after TBI (Haan et al., 2008), including a 

tenfold increased risk of dementia up to 30 years after TBI (Isoniemi et al., 2006). 

Additionally, boxers with the ε4 allele who had participated in many bouts were more likely 

to develop CTE than those who had only participated in a few fights (Jordan et al., 1997). 

Imaging and peripherally circulating proteomic biomarker correlations are currently being 

assessed in large longitudinal cohorts (e.g., CENC and TRACK-TBI). Sex is another factor 

that will require additional examination in this patient group and large samples may be 
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required given the disparity between male and female enlistment rates. This fact certainly 

limits the generalizability of any findings back to the general population. Flowever, women 

appear to have worse outcomes across a number of variables (manifesting symptoms, 

surgical interventions, mortality) following TBI (Farace and Alves, 2000; Munivenkatappa 

et al., 2016). Preliminary results from our initial analyses using the ENIGMA approach 

seem to validate the need to examine the effects of sex, as there appears to be an interaction 

for diffusion measures (i.e., higher FA in males and lower FA in females). Though genetics 

and sex differences require examination across the TBI patient continuum, there may be 

genetic and sex differences unique to this patient cohort that could be examined with higher 

statistical power in the context of larger, aggregated data.

Finally, there may be other factors that need to be studied to fully understand how injury risk 

or injury mechanisms can be modified. For example, there is limited information about how 

much military armor, including uniforms and helmets, worn at the time of injury affects 

outcomes in military-related TBI, especially blast-related TBI. Also, more specific to blast-

related TBI is the need to investigate whether the type of vehicle (e.g., armored, unarmored, 

enclosed, open, pedestrian), and the proximity of the vehicle to a blast influences injury risk 

(i.e., blast proximity and loading). Together, these literature gaps complicate clinical 

diagnosis and decision-making, and a better understanding could help shape future 

interventions aimed at improving neurobehavioral and social outcomes.

Symptom validity concerns:

As symptom reporting is inherently a subjective process, it is fraught with potential validity 

questions, including exaggerated symptom reporting and recall bias. As reviewed by (Silver, 

2015), there are high levels of what are considered invalid symptom and neurocognitive test 

performance in those evaluated for the effects of an mTBI and/or PTSD, including military 

servicemen and women (Cooper et al., 2011; Spencer et al., 2017). Part of the problem with 

symptom reporting in those meeting criteria for having sustained an mTBI is that the 

symptoms are diverse, and none are specific to brain injury, as discussed in the Comorbidity 

section above (Hiploylee et al., 2017; Tator et al., 2016). All symptoms associated with 

mTBI also tend to occur with bodily injury not involving TBI (Lange et al., 2019), as well as 

a variety of medical, neurological, and neuropsychiatric conditions outside the realm of TBI 

(Donnell et al., 2012). Symptom validity testing (SVT) refers to specific metrics that are 

either embedded within the test, or part of a separate measure that assesses what is referred 

to as response bias (Larrabee, 2015). Some SVT measures also include findings related to 

unusual or atypical symptom reporting, though commonly, SVT measures will use a cut-

score approach in defining valid versus invalid symptom reporting. Similarly, the term 

“performance validity testing” (PVT) has been suggested as a more accurate term when the 

focus is cognitive performance rather than symptom reporting.

Neuroimaging studies of military-related mTBI may need to use SVT measures to assess 

validity of symptom reporting and test performance. Some studies of neuroimaging 

correlates of symptoms, or performance on cognitive, motor, or sensory-perceptual 

functioning following mTBI exclude those who perform below a recommended SVT cut-

point. However, as shown by Clark et al. (2016), a potentially superior approach may be to 
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include those who score above chance, but below the cut-point, as the number of relevant 

factors associated with mTBI may influence embedded or separate measures SVT scores. 

Better understanding of neuroimaging correlates of SVT or PVT failure may provide novel 

insights into why validity failure rates are so high in those with mTBI in the military 

(Mooney et al., 2018).

Regulatory or Logistical Issues.

Those who have conducted research in military or Veteran populations may encounter 

regulatory or other logistical issues that are somewhat unique to this patient population and 

can appear more challenging to navigate. In the United States, Service member and Veteran 

health care are provided by different government-controlled groups or agencies. Though this 

makes logistical and budgetary sense, combined with the unique cultural aspects of each, 

investigating TBI using data from both these groups can create additional challenges, 

including regulatory (e.g., IRB governance), funding, and data harmonization issues. Many 

of these issues, especially as they relate to the United States military and VA systems, are 

discussed in detail in the VA-DoD Collaboration Guidebook for Healthcare Research (2013). 

Some of these issues are only briefly described here, to provide a well-rounded discussion of 

issues related to conducting military and Veteran research. Though many of these issues 

make VA/DoD research complicated, research in these settings has revolutionized medical 

care and treatment. As such, this type of work can be highly rewarding, and often leads to 

improved medical care for a broader range of patients following TBI.

One unique aspect of research in this patient population is the military and VA cultures that 

often require unique strategies to properly liaise and obtain permissions needed to conduct 

research. Understanding command structures, observing proper military etiquette, discerning 

differences between active and reserve personnel, training and operational units, 

credentialing requirements, resource utilization restrictions, occupational demands within 

military units, and acknowledging possibility of reassignment or deployment and significant 

changes in command etc. are critical to the success of research in military settings (http://

www.ncdsv.org/images/VA-DOD_ResearchCollaborationGuidebook_2011.pdf). The VA 

also has a unique culture that requires consideration including different interpretations of 

management and regulatory guidelines and policies that exist across the VA system. To 

navigate many of these logistic and regulatory issues successfully, close direct interaction 

with relevant liaisons, specialty staff, and administrators who can guide researchers through 

these logistical challenges is often necessary. Thus, developing strong relationships of 

mutual respect and shared vision often facilitates research collaborations.

In the United States DoD/VA system, some challenges associated with data access can be 

mitigated using different legal documents, including complete/partial offsite research 

waivers, data use agreement (DUA), and/or cooperative research and development 

agreements (CRADA). These documents require legal staff to be involved, but can facilitate 

data sharing and collaboration between sites. However, changes in both VA and DoD have 

led to some simplification of data sharing between DoD and VA. For instance, the 

development of the DoD and VA Infrastructure for Clinical Intelligence (DaVINCI) 

platform facilitates longitudinal research with linked DoD and VA data. The transition of the 
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DoD Trauma Registry to Defense Health Agency (DHA) also streamlines the data 

acquisition process by using a standard data sharing agreement application (DSAA) through 

the DHA.

VA and DoD research projects are also funded through a number of different peer reviewed 

mechanisms. DoD has both intramural and extramural funding opportunities, while the 

United States VA system only funds intramural investigations. Practically, this means that 

principal investigators for VA funds must have a VA appointment and be employed by the 

VA for a minimum of 5/8ths time. Principal investigators funded by DoD grants can be 

active duty military, civil service employees, academic, or other private industry personnel 

qualified to conduct the research. In addition, guidelines for expenditure limits, both overall 

and in certain categories, may differ between these funding agencies. While these factors 

may influence the kinds of research submitted to each agency, judicious use of these 

mechanisms can facilitate the ability to address research questions using diverse funding 

mechanisms.

Summary of Recommendations for Future Studies

Given the challenges outlined above, big data efforts may further our understanding of how 

these somewhat unique variables contribute to the clinical and functional outcomes in 

Service members and Veterans following TBI. However, there are challenges associated with 

using retrospective or archival data, and these limitations may be mitigated in future studies 

if prospective studies are designed with the idea that data acquired might be used in 

aggregated form. From the perspective of the ENIGMA Military Brain Injury Working 

Group, the following recommendations may be used to guide the acquisition of new data in 

military-relevant cohorts with TBI if investigators so choose. If these recommendations are 

followed in the design and implementation of new studies, data aggregation and the new 

knowledge that can come from big data approaches are likely to be greatly enhanced.

Imaging Clinical Guideline for TBI (DCoE).

Beginning in 2007 with the build-up in troop deployments in Afghanistan, the number of 

deployment and non deployment related TBIs sharply increased in US Service members. 

Soon after, the Department of Veterans Affairs allowed Veterans to claim TBI as a disability 

counting toward compensation. With these changes, there was a need for more objective 

verification of TBI (especially mTBI) and consistent documentation of TBI exposure. 

Ultimately, the Defense Centers of Excellence (DCoE) convened a panel of experts and 

issued a set of Clinical Recommendations entitled “Neuroimaging following mTBI in the 

non-deployed setting.” This set of clinical guidelines was intended to act as a set of 

standardized neuroimaging procedures (summarized in Table 3) that could be used by 

military physicians and radiologists to capture consistent imaging across military treatment 

facilities (MTF), VA medical centers, and community-based outreach clinics. These 

recommendations cover a number of imaging modalities including CT and PET/SPECT 

imaging. Further, although the standardization or harmonization recommendations that we 

are making here are more specific to MRI, these imaging modalities are clearly important in 

our understanding of TBI (see Raji and Henderson, 2018 and Byrnes, et al., 2014 for a 
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review of these methods). As ENIGMA methods are developed to deal with these additional 

imaging types, efforts to standardize the acquisition of these imaging methods should be 

implemented. Nonetheless, establishing clinical guidelines using standardized methods for 

the assessment of TBI represents an important effort to improve comparability of clinical 

information across studies.

Currently, standardization of imaging parameters is difficult, but not impossible. For 

example, the Alzheimer’s Disease Neuroimaging Initiative (ADNI) study is well into its 

second decade of work and has been extremely successful in coordinating image data 

collection and analyses across multiple sites and neuroimaging vendors (Weiner et al., 

2015). It is clear that this kind of coordinated rigor improves the quality of imaging data in 

research settings and makes it possible to ask more complicated clinical questions. Also of 

note are recent efforts by several large scale TBI studies (CENC, TRACK-TBI, CARE) to 

harmonize image acquisition parameters to generate images with minimal differences, 

particularly with respect to the results of planned analysis pipelines. Although these 

consortia focus on slightly different TBI cohorts, the attempt to minimize differences in the 

acquisition parameters, regardless of the cohort examined, will facilitate comparison of 

studies across sites that will allow us to address important clinical questions that may 

identify unique risk factors for each of different clinical cohorts. The fact that efforts are 

being coordinated between large studies is also encouraging and will create future 

opportunities to aggregate data that can benefit the investigation of many TBI patient groups.

Clinical and Cognitive CDE’s for Military Studies.

Limited guidelines exist related to Common Data Elements (CDEs) or measures that are 

recommended for mild TBI in military-relevant settings. Although combat-related TBI was 

not the focus of the initial version of the International (NIH) CDEs, the Department of 

Defense and the VA were prominent stakeholders, and the panels included several members 

with VA or other military-relevant affiliations (Thurmond et al., 2010; Whyte et al., 2010). 

In addition to TBI, psychological health was a focus of these early efforts, and working 

groups also addressed common data elements for PTSD (Kaloupek et al., 2010) and 

operational stress. As the CDE initiative evolved to specifically consider elements for use in 

cohorts of different severity, including mild TBI and concussion, new working groups again 

included several members with experience in combat-related TBI and did consider several 

domains and measures that had been used and would be applicable in this population (Hicks 

et al., 2013). However, the variables included in the second edition of the CDEs were 

restricted to supplemental CDEs, and measures designated for military studies include the 

Combat Exposure Scale (Keane et al., 1989), Military Acute Concussion Evaluation 

(McCrea, 2001; McCrory et al., 2017; Mucha et al., 2014), Veterans Rand 36-Item Health 

Survey (Kazis et al., 2004; “Traumatic Brain Injury,” 2018). Other measures commonly 

applied in this population, include the Neurobehavioral Symptom Inventory (King et al., 

2012), Automated Neuropsychological Assessment Metrics (ANAM; Kabat et al., 2001), 

which is recommended for in-theater post-injury assessment of cognitive function 

(“Indications and Conditions for In-Theater Post-Injury Neurocognitive Assessment Tool 

(NCAT) Testing Clinical Recommendation,” 2013) and the Post-Traumatic Stress Disorder 

Checklist 5 (Weathers et al., 2013) are also included in the list of general measures.
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The Consortium to Alleviate PTSD (CAP) has performed field testing of certain mandated 

core CDEs that relate to common comorbidities in Service members and Veterans (including 

PTSD, mood disorders, substance misuse) as well as symptoms that may be common across 

both TBI and PTSD (including sleep, headaches, etc. Ben Barnes et al., 2019). Initial testing 

of these measures suggests that they may be useful in data aggregation efforts, but the 

authors conclude that additional testing and experience are necessary. In addition to efforts 

targeting PTSD, the Military Research Suicide Consortium has also suggested items for 

assessment of suicide risk factors (Ringer et al., 2018), and that this is also a current area of 

interest for the NINDS Common Data Elements (https://

www.commondataelements.ninds.nih.gov/Traumatic%20Brain%20injury).

Finally, the VA/DoD has established and updated Clinical Practice Guidelines (Management 

of Concussion/mTBI Working Group, 2009; “VA/DoD CLINICAL PRACTICE 

GUIDELINE FOR THE MANAGEMENT OF CONCUSSION-MILD TRAUMATIC 

BRAIN INJURY,” 2016), which address additional measures and domains to be queried in 

military-relevant populations. These include the assessment of headache, sleep quality, 

mood, and other conditions. Although these represent clinical guidelines rather than research 

recommendations, these tools may facilitate consistency for investigators using these data. 

Aligning future research efforts with at least a core subset of tools that are widely used in 

clinical practice may also facilitate large scale data aggregation. As research in this 

population expands, the need for additional consideration of data points that could be 

commonly collected across studies has become increasingly evident, and this is a goal of 

ENIGMA Brain Injury. Table 4 below summarizes measures that are currently 

recommended in each of these efforts.

Fluid biomarkers:

One approach to further characterize imaging correlates of the multiple and often co-existing 

pathologic processes of a condition as complex and heterogeneous as TBI (e.g., distinguish 

microvascularfrom axonal shearing injury or demonstrate its colocalization), is to partner 

advanced imaging with blood and biofluid biomarkers in acute, subacute, chronic, and 

remote TBI. TBI biomarker discovery projects that analyze candidate biomarker panels from 

large cohorts that encompass diverse TBI mechanisms, partnered with robust clinical, 

imaging and biofluid datasets, and statistical modeling, may advance the field to actuate TBI 

diagnostic multi-modal biomarker panels. Currently, there are no accepted clinical 

guidelines that incorporate the assessment fluid biomarkers after a TBI that can aid recovery 

and prevent further complications. There is a critical need to identify such biomarkers so that 

management of such injuries and post-concussive symptoms can be addressed with objective 

treatments. Recent reviews (e.g., Kim et al., 2018) address several categories of these 

biomarkers, such as those involved in blood brain barrier (BBB) dysfunction, cerebral blood 

flow dysfunction, traumatic axonal injury, neuroinflammatory response, and genetic 

variation in relation to the type of TBI (severe, moderate or mild). More specifically, 

disruptions of the BBB can lead to increased CSF/serum albumin ratio in patients with 

severe TBI. Although data are limited, such changes have not been reported in mild or 

moderate TBI (Bowman et al., 2012; Pisani et al., 2012; Tibbling et al., 1977). BBB 

disruption due to TBI can also lead to an upregulation of S100B, which is one of the few 
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astrocyte-specific CNS proteins that are currently used clinically to detect mTBI if CT 

cannot be performed (Marchi et al., 2013, 2003). Another promising marker is plasma-

soluble prion protein (PrP), which is increased in the CNS after mTBI in athletes when 

compared to healthy young adults and non-concussed athletes (Pham et al., 2015). More 

research is required to clarify the role of PrP as a biomarker in mTBI.

The first blood-based TBI biomarkers to receive FDA approval in acute TBI are plasma glial 

fibrillary acidic protein (GFAP) and Ubiquitin C-terminal hydrolase-L1 (UCH-L1), when 

measured in the first 12 hours after a TBI (Papa et al., 2016; Posti et al., 2016). Both 

neurofilament light chain (NfL) and tau in CSF (Gatson et al., 2014; Neselius et al., 2012) 

and blood (Gill et al., 2017) are associated with acute axonal injury; tau demonstrates less 

CNS specificity than NfL in polytrauma cases, likely because of peripheral sources of tau. In 

a military population, Gill et al. (Gill et al., 2018a) showed similar results, correlating 

increased acute plasma levels of tau, GFAP, and UCH-L1 and CT abnormalities in a cohort 

of 277 military Service members with suspected mTBI with an area under the curve (AUC) 

of 0.77 for increased GFAP in those with mTBI and imaging findings. Additional 

association between GFAP and abnormal imaging findings are also observed in other more 

recent large TBI cohorts (Yue et al, 2020). Studies of plasma tau in acute sports concussion 

collected within the first 6 hours after injury suggest that higher levels may be prognostic 

biomarkers of prolonged recovery (Blumbergs et al., 1994; Czeiter et al., 2020). Amyloid 

species, including amyloid precursor protein (APP), amyloid beta 40 (Aβ40), and amyloid 

beta 42 (Aβ42), accumulate as early as 2-3 hours after TBI with axonal injury (Smith et al., 

2003). Studies in acute severe TBI have shown neuroinflammatory responses (IL-1β, IL-6, 

IL-8, IL-10, TNF-α)(Blennow et al., 2011), but no similar changes in military personnel 

with blast exposures, suggesting that these are less sensitive as diagnostic TBI biomarkers 

(Neselius et al., 2012). Candidate prognostic biomarkers of early TBI outcomes (3-6 

months) include S100B, tau and phosphorylated tau (p-tau), NfL, αII-spectrin breakdown 

product (SNTF), and neuroinflammatory markers (IL-6, IL-8, IL-10 and TNF-α). The most 

promising and sensitive biomarkers to date are plasma measures of tau, NF-L, and GFAP in 

predicting poor outcomes after TBI (Blennow et al., 2011). There are few studies of TBI 

biomarkers in the chronic stage, ≥ 6 months after injury, but early reports of altered levels 

identify plasma and exosomal NfL, phosphorylated tau (p-tau) GFAP, and IL-6 as candidate 

prognostic biomarkers (Gill et al., 2018b; Kenney et al., 2018; Olivera et al., 2015; 

Rubenstein et al., 2017; Stern et al., 2016) with Nfl, followed by tau and inflammatory 

biomarkers currently the most promising prognostic biomarkers (Guedes et al., 2020; Peltz 

et al, 2020; Shahim et al., 2020; Shahim et al, 2020).

Future studies will be enriched by including several of these fluid biomarker assessments as 

they are developed and implemented. Even if the expertise and funds are not available for 

analyses of these types of data, it would be our strong recommendation that samples be 

acquired and stored for future analyses if at all possible. This area of research has significant 

potential and there have been important clinical gains in improving diagnostic and 

prognostic accuracy using fluid biomarkers.
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Premorbid Variable Assessments.

Assessing clinically-relevant factors that occur prior to military service is another important 

area of research that might be accomplished using big data analytic methods. As noted in the 

challenges section, early life stress, and personal and familial psychiatric history are also 

potential factors influencing clinical and functional outcomes across a wide range of patient 

groups. As these premorbid factors influence functional and clinical outcomes, our 

recommendation for new studies is to include premorbid assessments that capture this type 

of social, psychological, and familial information. Capturing these data will allow us to 

further characterize these risk factors in those who experience TBI.

The recent research and clinical interest in these early life experiences has led to the 

development of many standardized instruments that could be used in this space to optimize 

consistent data collection on a number of these early life events. Though there is some 

debate about the validity of retrospective assessments (prospective collection appears to be 

reliable), a number of studies show how these variables can shape imaging, health, 

psychological, and cognitive outcomes (Grainger et al., 2019; Heany et al., 2018; 

Khosravani et al., 2019; Meinert et al., 2019; Olson et al., 2019; Tozzi et al., 2019). As such, 

including assessments such as the Childhood Trauma Questionnaire (CTQ) or the Adverse 

Childhood Events Scale (ACES) could improve our ability to characterize how these events 

shape TBI symptom presentation, prognosis, and recovery.

Other Recommendations.

Examining data collected across studies and conducted by different investigators poses 

additional challenges that warrant further discussion. First, datasets collected by individual 

groups are heavily nuanced. Thus another challenge is understanding the organization, the 

intent, and the limitations each dataset might present when aggregating data or asking a 

clinical question. Further, critical to the ENIGMA process (even beyond our working group) 

is the inclusion of investigators from each cohort that have intimate knowledge of the data 

collection. In this way, these kinds of issues will be known to the entire working group. For 

example, inclusion of investigators involved in the data collection can provide critical 

information about missing data. Missing data is the bane of all clinical research and can 

impact findings in unique ways when examined or when there is an effort to aggregate data 

into larger datasets for analyses. Data can be missing for a number of reasons and these 

reasons will impact the quality of the data in unique ways which are best understood by the 

investigators collecting the data. Thus by including experts involved in the collection of the 

data, there is a set of expert checks and balances needed to ensure that the data are used and 

interpreted correctly.

Summary of Recommendations

Our recent experience using big data to investigate the effects of TBI on imaging in military 

and veteran populations has been remarkably successful despite challenges inherent in this 

endeavor. This experience has resulted in the production of this manuscript and motivates 

the recommendations for future TBI studies. We recognize that a set of specific 

recommendations might place additional burden on groups of investigators, but a core set of 
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imaging, biomarker, clinical, and cognitive measures is likely to greatly improve the 

efficiency, utility, and power of big data approaches. This type of harmonization effort is 

critical and would maximize and extend the use of data collected using public research 

funds. For the past decade, researchers have been first encouraged, then required, to submit 

data to repositories established by federal and other international agencies to maximize data 

use via sharing. However, using data from these repositories is challenging given the 

variability in data collection.

To improve the success of these endeavors to share data in the future, our recommendations 

include primary/core, supplementary, and comprehensive suggestions. This type of approach 

could ensure that a basic, standardized data set (primary/core) would exist across studies. 

This could benefit the larger TBI research and clinical community, while also meeting the 

individual needs of the specific studies designed to answer important more specific clinical 

questions.

One general suggestion to ensure successful completion of research in military and veteran 

cohorts is that researchers involve military-specific experts and stakeholders. Given the 

unique access requirements, and logistic, cultural, and funding requirements, it is critical to 

liaise with military or research experts with successful experience in conducting research in 

these participant groups. Preferably, new studies would be designed a priori in collaboration 

with military liaisons to ensure that proper consideration is given to these unique elements of 

this kind of research. This would allow investigators to anticipate issues and avoid 

unnecessary delays and complications.

Beyond this general recommendation, we make the following more specific 

recommendations regarding CDEs. The following contains both the recommendations and a 

brief rationale for each.

Demographic and Clinical.

Primary/core recommendations are to report a consistent set of demographic and clinical 

information for each research cohort. In our opinion, the minimal set of measures include 

age, sex, education, branch of service, TBI exposure history, and key premorbid features 

(prior to military service/injury).

Future studies should consider the use of one of the standardized TBI history assessments 

described above. Though we would prefer future studies to agree on a single measure (OSU-

TBI ID for example), we recognize that this will be extremely difficult and may not be 

practical for many reasons. However, as these measures can be subtly different, we would 

encourage investigators to know how their chosen instrument performs with regard to other 

more frequently used measures, such as the OSU or BAT-L. Publishing this information 

would be extremely useful when trying to aggregate data from different studies and could 

create a more consistent set of clinical groupings for analyses across studies. Regardless, the 

core features of any assessment need to include accurate identification of injury (i.e., was 

there a TBI?), timing of injury (i.e., time since injury), and quantification of prior TBI 

exposure (i.e., number of TBIs over a lifetime, including childhood, predeployment and 

post-deployment) across study groups.
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• Our core demographic recommendations would be to use the NINDS 

demographic form, recording and reporting data as contained in the document 

(F1535_Demographics.doc at https://www.commondataelements.ninds.nih.gov/

Traumatic%20Brain%20Injury).

• Additional core demographic and clinical recommendations for military and 

Veteran groups would include, but are not limited to:

– Branch of service (i.e., Army, Navy, Marines, Air Force, Coast Guard, 

other)

– Rank (Enlisted and Officer levels for US Service members)

– Job category (i.e., Military Occupational Specialty (MOS) Code for US 

Military; see https://asvabpracticetestonline.com/army-mos-codes/ for 

example codes)

– Combat exposure using a standardized scale

♦ Combat Exposure Scale (primary/core)

♦ Deployment Risk and Resilience Inventory-2 (DRRI-2; 

supplemental)

• Time since injury (in days, if possible), number of injuries, and intervals between 

injuries (in days, if possible)

• Headache assessment (HIT-6; primary/core)

• Standardized measure that captures the lifetime TBI exposure history (OSU-TBI 

ID as preferred measure, acknowledging that significant variability exists in the 

literature). Note that more research is required here to determine how 
comparable these measures are and what means are available to integrate 
information from different measures.

– If using a unique measure, including additional information as to how 

the measure performs relative to other more established measures.

As time and resources allow, supplementary demographic and clinical variables that 

research groups might consider collecting and reporting include:

• Premorbid psychiatric diagnostic history (i.e., ADHD, depression, PTSD)

• DRRI-2 (beyond assessing combat exposure, it assesses pre-deployment stresses, 

childhood function, work environment, training information, familial support and 

stressors, and post-deployment stressors)

• Current and chronic pain assessment

• Early life stress

• Adverse childhood events

• Recruitment methods (e.g., from clinic or community) to be able to explain any 

differences in the sample characteristics of TBI and control groups across studies
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Imaging.

Currently, the core imaging recommendations follow the DCoE recommendations outlined 

above. To improve standardization, we would encourage investigators to reach out to the 

larger consortium studies (e.g., CENC/LIMBIC, CARE, VA TRACTS) to request more 

specific parameter recommendations for their particular scanner equipment so that additional 

coordination of acquisitions can be accomplished. These groups have unique experience 

collecting data across sites and variable scanner platforms that can be used to improve 

overall acquisition consistency. It is our experience that many groups are willing to share 

this type of information to improve future coordinated research.

The following core sequence recommendations are provided for prospective data collection 

for groups acquiring MRI data, regardless of their intention to analyze the data. Any 

unanalyzed data could be uploaded to repositories for other investigators to examine. Thus, 

the core imaging recommendations follow NINDS (https://

www.commondataelements.ninds.nih.gov/Traumatic%20Brain%20Injury) and DCoE 

(https://dvbic.dcoe.mil/material/neuroimaging-following-mild-tbi-non-deployed-setting-

reference-card) guidelines and include:

• 3D T1-weighted Images (1 mm isotropic voxel acquisition minimum, for 

volumetric, cortical thickness, and anatomical shape analyses)

• 3D T2-weighted Images (matching T1 resolution if possible)

• Susceptibility weighted imaging (SWI; microlesion assessment), or quantitative 

susceptibility mapping (QSM)

• 3D fluid attenuated inversion recovery (FLAIR; for hyperintensity assessment)

• Diffusion tensor imaging (minimum 64-direction, single shell; white matter 

integrity and microstructural assessment)

• Resting state functional imaging (for network connectivity assessment)

As time, expertise, and funds allow, supplementary imaging sequences that could be 

acquired include:

• MR spectroscopy (metabolite assessment; please see paper in this issue for 

specific recommendations related to MRS in TBI)

• Arterial spin labeling (perfusion assessment)

• Multi-shell diffusion imaging

• Though not an emphasis in ENIGMA or in this manuscript (due to the lack of 

standardized processing routines at this time), additional recommendations can 

be seen in the DCoE documents for computed tomography (CT) and nuclear 

medicine (PET/SPECT) imaging that should be considered by clinicians as these 

methods clearly have promising clinical applications

• EEG monitoring might also be included, especially if post-traumatic epilepsy is 

suspected.
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Symptom, Mood, and Cognitive Measures.

For years, NIH has had a set of CDE recommendations for TBI assessment. However, the 

recommendations are broad and include multiple behavioral domains. Our recent efforts to 

aggregate data across several military and Veteran cohorts has been difficult because there 

still remains considerable variability in the battery of tests administered with little overlap in 

the specific measures administered even when investigators follow CDE requirements. 

Nonetheless, the following recommendations closely follow those of other established 

guidelines (see Table 4). Note that whenever possible, the response level items could be 

shared in repository form for these measures.

Our core symptom recommendations would be:

• Neurobehavioral Symptom Inventory (NSI; used broadly in VA data; primary/

core)

– Note that inclusion of item-level responses may improve understanding 

of individual symptoms

• Rivermead Post Concussion Symptoms Questionnaire (primary/core) as an 

alternative to the NSI

• Other recommendation for military settings

– Patient Global Impression of Change (PGIC) Scale (DVBIC 

recommendation)

Due to the incidence of comorbid sleep issues, dizziness and pain in this population, the 

following supplementary symptom measures to assess these in more detail are also 

recommended.

• Pittsburgh Sleep Quality Inventory (PSQI)

• Epworth Sleepiness Scale (ESS) Adult Scale

• Pain

• Headache Impact Test (HIT-6)

• Dizziness Handicap Inventory

Our core and supplementary mood assessment recommendations would be:

• PTSD

– PTSD CheckList (PCL-5) (core)

– Clinician Administered PTSD Scale (CAPS), where possible

• Depression and suicidal ideation

– Center for Epidemiologic Studies-Depression (primary/core) or Patient 

Health Questionnaire-9 (PHQ-9) (core)

– Self-injurious Thoughts and Behaviors Interview (supplemental)

• Anxiety
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– Generalized Anxiety Disorder-7 (GAD-7; core)

• Alcohol and Substance Use Disorders

– Alcohol Use Disorders Identification Test (AUDIT, core)

– Alcohol, Smoking, and Substance Involvement Screening Test 

(ASSIST; supplementary)

Our core cognitive measure recommendations would be:

• Premorbid Function

– Test of Premorbid Function (TOPF; core)

– WRAT-4 Reading Subtest (alternative)

• Computerized Battery: Computerized batteries often sample different cognitive 

domains. Though the psychometric properties are not well-known (especially in 

TBI), these measures offer additional standardization and accuracy (i.e., response 

times) that are not easy to match when using more traditional paper and pencil 

measures.

– Automated Neuropsychological Assessment Metrics (ANAM)

– NIH-Toolbox Cognitive Battery

• Attention

– Trail-Making Test (core)

– Wechsler Adult Intelligence Scale (WAIS) Symbol Digits subtest (core)

– Continuous Performance Test (CPT) (supplemental)

– Delis-Kaplan Executive Function Scale (D-KEFS) Trails Test 

(alternative to TMT)

• Language

– D-KEFS Verbal Fluency Test (core)

– Controlled Oral Word Fluency (supplemental or alternative)

• Memory

– California Verbal Learning Test-III (CVLT-III) OR Hopkins Verbal 

Learning Test-Revised (HVLT-R; for serial testing) (core)

– Benton Visual Memory Test-Revised (BVMT-R; supplemental)

• Executive

– Stroop Color-Word (core)

– D-KEFS Color-Word Interference (alternative)

• Processing Speed

– WAIS-IV Symbol Search and Coding (core)
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– Computerized Test of Information Processing (CTIP) (supplemental)

• Motor

– Grooved Pegboard Test (core)

Symptom/Performance Validity core and supplemental recommendations include:

• Test of Memory Malingering (TOMM; core)

• Word Memory Test (WMT) or Medical Symptom Validity Test (MSVT), or 

Victoria Symptom Validity Test (VSVT) (supplemental)

Having made these core and supplemental recommendations, we recognize that there may 

be limitations in neuropsychological assessments with regard to TBI assessment (especially 

mild TBI). Many neuropsychological measures used to assess TBI were developed 

independent of TBI and the testing materials that were based on theoretical frameworks that 

are almost a century old (Miller and Barr, 2017). Currently, assessment also relies heavily on 

measures that are labor intensive, expensive, and are gross measures of the cognitive 

domains they claim to examine (Miller and Barr, 2017; Rabin et al., 2016). Though current 

versions of these tests reflect modest modifications and updated normative data, there has 

been minimal effort to incorporate technology into neuropsychological assessment and as a 

result there may be limited sensitivity and the specificity of these measurements when 

investigating the effects of TBI. Current neuropsychological assessment methods continue to 

be lab-based, administered 1:1 which may not reflect real-world neurocognitive and 

neurobehavioral challenges experienced by a brain-injured examinee (Kessels, 2019; 

Ziemnik and Suchy, 2019). For these reasons, supplementary suggestions for assessment 

would include new measures from various disciplines that might improve the sensitivity and 

specificity of findings in TBI:

• Dual task paradigms

• Eye tracking paradigms

• Balance testing (e.g., Computerized Dynamic Posturography (CDP); the 

emphasis here would be to use measures that are not based only on clinical 

observation)

• Virtual reality testing environments

Biomarkers.

The interest in fluid biomarkers is growing and sampling these biomarkers in new cohorts 

offers a significant opportunity to understand how these measures interact with, or help to 

predict, the clinical, imaging, and cognitive measures following TBI. We recognize that 

processing storing and analyzing biospecimens requires additional expertise and funding 

that may not be available to every study. However, collection of blood and bio-samples and 

storage of these specimens for future analyses remain a core recommendation whenever 

feasible.

Our core biomarker recommendations would be:
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• Collect and store serial biosamples from each participant in a uniform manner, 

including collection, local processing and storage. The current TBI 

biorepositories were developed based on the NINDS Parkinson’s Disease 

Biomarker Program and include routine collection of whole blood (for DNA 

extraction from buffy coat), plasma, serum, RNA and saliva at multiple preset 

time points..

– Recommendations for drawing and storing biosamples can be found 

here: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4824671/ or in 

consultation with biospecimen biorepositories currently collecting and 

curating specimens (e.g. CNRM, CENC, TRACK-TBI, Center-TBI)

• If capable of analyzing, report the following:

– FDA approved TBI biomarkers

♦ GFAP

♦ UCHL-1

– Other

♦ NF-L

♦ Tau and p-tau

♦ Amyloid β peptides

♦ IL-1β, IL-6, IL-8, IL-10

♦ TNF-α

Supplementary biomarker analyses of biosamples could include:

• Genetic/Epigenetic data

– APOE genotype

– miRNA expression

– DNA methylation

– GWAS (from blood or saliva samples)

• More novel technology considerations for biomarker analyses

– Single molecule array (Simoa; Bogoslovsky et al., 2019)

– P-tau isoforms (e.g. cis/trans or tau phosphorylation site)

– CNS-derived exosomal cargo (proteomics, lipidomics, miRNA)

Again, we recognize the fact that more specific recommendations can be burdensome for 

diverse research groups. However, harmonization at the level of acquisition maximizes and 

extends the use of data collected with public research funds and has great potential for 

additional advances in personalized medicine including targeted treatments for patients who 

have sustained a TBI during military service.
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Conclusion

Neuroimaging and genetics studies in Veterans/military-relevant populations with exposure 

to concussive events and TBI have been rapidly increasing over the past two decades. Big 

data approaches in these populations are associated with numerous challenges, including 

those inherent in heterogeneous definitions of TBI and assessment of injury in theatre, 

inconsistent use of measures in data collection, and frequencies of certain comorbidities. 

However, significant opportunities exist for both retrospective analysis and design of 

prospective studies in this area of TBI research. The ENIGMA Military Brain Injury 

working group will address many of these issues through collaborative analyses. The 

ENIGMA Military Brain Injury working group will address many of these issues through 

collaborative meta- and mega-analyses.
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Figure 1. 
Overlap between TBI, PTSD, and Major Depression in symptoms and reported imaging 

differences. Imaging differences are shown across modalities, including structure, function, 

and connectivity.
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Table 1.

Diagnostic criteria for mild TBI for the Veterans Administration/Department of Defense Clinical Guidelines 

(Management of Concussion/mTBI Working Group, 2009) and the American College of Rehabilitation 

Medicine (Mild Traumatic Brain Injury Committee of the Head Injury Interdisciplinary Special Interest Group 

of the American Congress of Rehabilitation Medicine, 1993).

Structural 
Imaging

Loss of consciousness 
(LOC)

Alteration of 
consciousness/mental 
state (AOC)

Post-traumatic 
amnesia (PTA)

Glasgow Coma Scale 
(GCS)

VA/DoD Normal 0-30 min ≤24 hours ≤24 hours Typically not available

ACRM May be normal 0-30 min Any ≤24 hours 13-15 within 30 min of 
injury
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TABLE 2:

Common TBI injury scales used to assess TBI severity and history in veterans and Service members. It should 

be noted that this table is not an exhaustive list and there are omissions. However, the point of this table is to 

show that there is a host of measures that have cropped up as “standardized” means of assessing TBI history 

and severity of specific TBI events in military cohorts.

Measure Strength Weakness Relevant 
References

Ohio State University TBI 
Identification Method 
(OSU TBI-ID)

Short administration time (3-5 minutes), administered 
to person or proxy, assesses the entire lifetime history, 
administered by a variety of staff with minimal 
training

Focuses patient on specific 
types of injuries, does not 
assess symptoms following 
TBI, relies primarily on self-
report

(Dams-O’Connor et 
al., 2013), (Bogner 
and Corrigan, 2009)

Brain Injury Screening 
Questionnaire (BISQ)

Comprehensive to include symptoms following brain 
injury, short administration times, translated into 
multiple languages

Relies primarily on self-report (Dams-O’Connor et 
al., 2014)

The Boston Assessment 
of TBI-Lifetime (BAT-L)

More open-ended questions, captures more detailed 
information about blast-related exposures, can be used 
to quantify features of the injury exposure

Relies primarily on self-report, 
requires additional training and 
clinical expertise to administer 
and grade correctly

(Fortier et al., 2014)

The VCU Retrospective 
Concussion Diagnostic 
Interview

Developed using a clinical algorithm and consensus 
diagnostic procedure, looks to distinguished between 
physical and psychological effects of TBI

Relies primarily on self-report, 
requires training to use follow-
up questions in a consistent 
manner

(Walker et al., 2014)

The Minnesota Blast 
Exposure Screening Tool 
(MN-BEST)

Questions can be quantified, captures frequency, 
severity, and plausibility of blast-related TBI, assesses 
other neurologic signs, test-retest and interrater 
reliability can be assessed

Relies primarily on self-report, 
not really compared to other 
measures

(Nelson et al., 2011)

Quantification of 
Cumulative Blast 
Exposure (QCuBE)

Specific to deployment related injuries, gets additional 
information about the types of device used in the blast, 
whether armor was worn, distance from blast

Relies primarily on self-report, 
not really been compared to 
other measures

(Petrie et al., 2014)

Military Acute 
Concussion Evaluation 
(MACE)

Rapid assessment screening instrument, has follow-up 
of incident to include assessment of symptoms, can be 
quantified, meant to be administered close to the 
event, multiple versions available.

Relies primarily on self-report (French et al., 2008)
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Table 3.

Current clinical guidelines for neuroimaging after TBI as proposed by the DCoE clinical radiology guidelines 

working group. CT=Computed Tomography, MRI=Magnetic Resonance Imaging, PET=Positron Emission 

Tomography, SPECT=Single-photon Emission Tomography, FDG=fluorodeoxyglucose, 

HMPAO=hexamethylpropyleneamineoxime, ECD=ethyl cysteinate dimer.

Modality Clinical Indications in 
mTBI

Acute (injury to 7 
days post-injury)

Sub-Acute (8 to 89 days post 
injury)

Chronic (greater than 90 days 
post injury)

Goal of 
imaging

Identify surgical 
mass or lesions

Evaluate, enhance counseling, 
identify need for referral

Evaluate, enhance counseling, 
identify need for referral

CT Utility varies based on the 
length of time between 
injury and scanning

Modality of choice if 
clinical evaluation 
indicates need for 
imaging

Use only if MRI is 
contraindicated

Use only if MRI is 
contraindicated

MRI Volumetric changes, 
microhemorrhage, diffuse 
axonal injury

If symptoms worsen 
after 72 hours

Modality of choice Modality of choice

PET 18 FDG-PET No current clinical 
indication

If no structural abnormalities do 
not explain persistent symptoms, 
PET may be able to provide 
information.

If no structural abnormalities do 
not explain persistent symptoms, 
PET may be able to provide 
information.

SPECT If no PET available, consider 
HMPAO or ECD SPECT

No current clinical 
indication

If no structural abnormalities do 
not explain persistent symptoms, 
SPECT may be able to provide 
information.

If no structural abnormalities do 
not explain persistent symptoms, 
SPECT may be able to provide 
information.
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Table 4.

Commonly recommended measures for research and clinical assessment of TBI and associated comorbidities 

in military-relevant populations. NINDS=National Institute of Neurologic Disorders and Stroke, 

CDE=Common Data Elements, VA=Veterans Affairs, DoD=Department of Defense, CPG=Clinical Practice 

Guidelines, CAP=Consortium to Alleviate PTSD.

Domain Measure NINDS mild TBI 
CDE

VA/DoD 
CPG

CAP

Global Functioning or Outcome

Short Form 36 Medical Outcome Study (SF-36 v2) X

Neuropsychological Impairment or Cognition

Automated Neuropsychological (ANAM) X X

Brief Visuospatial Memory Test – Revised (BVMT-R) X

Color Word Interference Test X

Controlled Oral Word Association Test X

Grooved Pegboard Test X

NIH Toolbox Cognitive Battery X

Rey Auditory Verbal Learning Test (RAVLT) or California Verbal Learning Test 
– III (CVLT – III)

X

Symbol Digit Modalities Test (SDMT) X

Trail Making Test (TMT) X

Wechsler Adult Intelligence Scale (WAIS-IV) Digit Span, Letter-Number 
Sequencing subtests and Processing Speed Index

X

General Health Symptoms

Veterans RAND 36- or 12-Item Short Form Health Survey X X

Post-concussive Symptoms

Neurobehavioral Symptom Inventory (NSI) X X

Rivermead Postconcussive Symptom Inventory (RPQ) X

Headaches

Headache Impact Test (HIT-6) X

Sleep

Pittsburgh Sleep Quality Index (PSQI) X

Epworth Sleepiness Scale (ESS) Adult Scale X X

Insomnia Severity Index (ISI) X X

Snoring Tired Observed Pressure Body Mass Index Age Neck and Gender 
(STOP-BANG)

X

PROMIS Sleep Disturbance and Sleep-Related Impairment short forms X

Dizziness

Dizziness Handicap Inventory X

Interpersonal/occupational functioning

Brief Inventory of Psychosocial Functioning X

PTSD
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Domain Measure NINDS mild TBI 
CDE

VA/DoD 
CPG

CAP

Posttraumatic Stress Disorder Checklist – 5 (PCL-5) or, PTSD Checklist – 
Civilian/Military/ Stressor Specific (PCL-C/M/S)

X X X

Clinician-Administered PTSD Scale (CAPS) X X

Depression /Mood Disorder

Beck Depression Inventory – 2 (BDI-2) X

Center for Epidemiological Studies Depression Scale (CES-D) X

Patient Health Questionnaire (9 Item) (PHQ-9) X X X

Self-Injurious Thoughts and Behaviors Interview X

Anxiety

Generalized Anxiety Disorder (GAD-7) (sports-related concussion CDEs only) X X X

Other Psychiatric and Psychological Status

Brief Symptom Inventory – 18 Item (BSI-18) X

NIH Toolbox Emotion Battery X

Substance Use

Alcohol Use Disorders Identification Test: Self Report Version (AUDIT) X X

Alcohol, Smoking, and Substance Use Involvement Screening Test (ASSIST) X

Quick Drinking Screen self-report version X

Fagerstrom Test for Nicotine Dependence and Smokeless Tobacco X

Quality of Life

Quality of Life in Neurological Disorders (Neuro-QOL) X

TBI-QOL X

Quality of Life after Brain Injury (QOLIBRI) X

Satisfaction with Life Scale (SWLS) X

Symptom/Performance Validity

Medical Symptom Validity Test (MSVT) X

Test of Memory Malingering (TOMM) X

Victoria Symptom Validity Test X

Word Memory Test X

Combat Exposure

Combat Exposure Scale (CES) X

Deployment Risk and Resilience Inventory 2 (DRRI-2) Combat Experiences X
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